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D. A. Vmd-tw’, J. A. &oa J, C. W. Choke’, S. A. Khdds’,
T. L. !htlel, R. H. tbffnari, md M. boni.

lRice Univwslty, tbuaton TX. Wrk s~rted by the IS.
alasAlms Scientific Lmba, Los ~:mos M. MWk sqmrted by the DOE,

4W@lis Stmte Mlversity, I+mphis TN.

This ww will ~annt th d~taila of a general tbory
of DEMJR, ulth ●xqles of cwrent ●perimentil interest:
qutrtz, where thu hyperfinc inwmtion 1s newly lMWOPIC;
tnd siliam, *rain m mimtropic s~i@s has b- fomd.
lh CJ’morywill be eqred uith ●xwrimenml data.

~ectron ~anetic romnmce ( EPR ) trmsitions driven by ● intense
unifom radi-fmcpency ! rf’) qnetic field reeult in chermwistlc etrwturo in

th@ frmquency amtrun of time-differential *SRdate for euonim-like amters in

norlmQls. This @wrmmnon is lebded ~ub!e ~lmwon ~n :esonmce (DtWR).

The theory of DE!9JR involves mlving the tbde~ent Schrulngw EW .tion

neglecting mlazation, M ●woxlrnatim @tich is valid for nuonlun In qmrtz ●t

roun ~ratwe btmre the first &mervations of DMJR uerc mode’, This

● wnption muld mloo •p~m to be val id for manalous moniun, W’, in silicon,

Cemmiun, end dimrond m Wfficimtl; lW tmperaturos, lh~ hyperfine

interaction ~r nuonim in qmrti is newl. isotropic md lerge +weas that ~or

Mu’ is very miwtropic md anal 1. The theory of DEMURfor both cases will be
dimmed md the isotropic cme ui 11 be cmpared ta observations in quartz.

‘lhe malysia wcmds by witing the spin Huniltonim in t8nns of the total

rn~netic field With oontaina both the oonstmt field and the time-dqmndent

field. @iti gmerally for m dec’>on spin nf ~ ●nd ●xcltiing my nmlow spins

we two

whre the tiW rmgnetic ,ield incl~es a mlfom llneUly-@Ui Zed

Pf field,

,..,,,

(2)

3inoe in w oaloulation bh won Btam ●t t E O, t 18 the @me angle of the rf

field ● this time.

The #tationUy ttatos of the time- indepndent spin Hmiltanim hove wve

funotiona ~ md mugie~ n% wjth n m 1,...,4. The time depndmt mve fim?tion
om tiwn be witten m



ml ““

in terms of tht tin&dependent

gn( t) ●re determined by specifying

initial state the nuon spin stati is
elcctrcm state is rmdan.

%bstituting the expression in Eq.

Schrf5dinger Equation, including the

fow coupled differential equations for

(3)

mefficients fin(t). Yhe initial values of the

the initial state of the systan. In thts

specified (it is 100$ polarized), but the

3 for v(t) inti the timedependent

time dependwt field as in Eq. 2, allCUs

the gn(t) to be *itt.en:

where ~n = ~- ~. The solution of Eq. 4 gives the

function from which w cm calculate the canponents

polwization. In W’RMof the g,,(t)these are given by

$), (4)

time-dependent

of

~
‘~nt <Vmlkn>.;.2 L ~(t)gn(t) e

m,nxl

The coupled differential EqF. N suggest a very Canplicateci

for the grl(t), However, the only twma 01 the right side of Eq.

the rtuon

(5)

wave

spin

time dependence

4 which lead to

a contribution to the gn(t) with appreciable anplitude ●re those at lcw

frequency. In the simplest approximation the rf frequency is on or near

resonance with ● single trmsition frequency WL, which is wll-wwrated from

my other transition frquency of the ay$tem. Then the differential equations

simplify considerably. Tbking u ● ~, > 0 md labeling the other tw stationary

states by m md n ue have

Eqa. 6 require that ~(t) ●nd gn(t) be constant. In solving Eqs. 6 it 1S

convenient to wite

hk(t) s gl(t! e
-i?

(T)



I

I

(8)

men Eqs. 6 beccsne

The mlutians of Eqs. 9 still

however, ue can aee wmal featur~s

Collpled md the initial value of gk(t)

(9)

involve a moderate anount cf aigebra;

of ttw solutions. Since the eouations are

is independent of q tiereas the initial

value of ht(t) is g&(0)ei~, w have tm terms in the solutions, one independent

of phaae and one Woportional to eif’. In ddition, both gk(t) ●nd hk(t) w.11 be

oscillatory uith tw frequency canponents. me ~lutio~s, ~itten i~ tirm~ of gk

●nd ‘-%(A

‘Sin’
(12)

Thj. a leada b three different kinds of results Aen Iiq. 10 and the constant

values of ~(t) ●nd gn(t) ●re introduced into Eq, 5. First, ~f the frquency

~L la obaerwd ●s ● won Feoessiond fPequency, than it will be split into

three frquency acmponents, the middle &equency sppearing ●t tha rf driving

Wequancy Q flmked by LW lin~s diaplaceo in frquency by -l~%kl. If the

phaee rngle $ i~ rmdan, ea it bma in the firet observations made on quartzl,

then the mpl Itde of the ttwe lines ( lowest frequency to highest) are 1(1 -

7?++ ;+’ ‘d@ “ 7+’+2 “ma ‘h -litd” ‘iM ‘0 ‘f” ‘co””’
if the obuervad nuen preoesaional fraquellcy involvca either the k r 4 ataLe, but

not both, th@n the notma!. MSRfrequency 18 split into tm lines with ● splitting

of {~ Ii$kl, ~ain for rmdm phaw angle $, the amplitlsle of the lower

frequew.y line if +(! - --7) times the cnplitujc with no rf md the mpl Ittde



of the higher fkequancy line is #l + ~~f) tletes the no rf anplitde if%>

~ cr ~ > Wg (r.Chll that ~ > IUi) md the sign of z 1s reversed otherwise.
Finally, if ~ 1s observed ● e mmn preoessionsl hequency, then no splitting

Occws.

lheae results sre quitegeneral. TtJ<ydo mt depnd u~n the canplexity of

the spin Hmilt.cmian nor tpon the details of the energy levels or trove fmctions.
They depend only upon having ~g rmoved fYcfn rny strew Wnetic-dipole
transition by sweral times the I&ij I of these ~msitions. The details of a
spwific system enter in only *en determining l$~kl and the no rf fbcquencies,

amplit~es, ●nd pheses.

EXPERIMENTAL RESULTS

For quartz only tw AR 1ines oxist ●t reasonable fYequencies; by ●ppl ying

● rf field nemr one of these tm trmsition !kequencies the tftost important

splittings chsrscteristie of DEMVR●re observed. A representative portion of

such experimental datd on quert. is contained in Table 1. This data MS taken

with ● field of 124.7 Gauss, where the uSR lines appear at 167.2 MHz ●nd 180.5

MHz. The spectra Vesentad ward each ●nalyzed by a least Sqmres f’it to any

frequency cmponents observe? in ● Fourier transform. The applied field

mpl itules quoted we determined frm the splitting in the DEMuRresul M.

The first set of data shows a DEMUR
Tablr 1 Rotult$ of DOW on 0u8r0.I

spectrun ~lth the rf frequency near the
APPI405h~rhlnttlRr\ult$ Theorj ●

louer uSR trmsition (167.2 MHz). 7he Ffold FrQg.(M2) Mpl FrrG, omp!

three cmnponents of this spectrm with 167,301 166.25(3) .0133(9) 166.32 ,01?4
m 167.?4(2) ,018?(9) 167,30 ,OIP:

frequencies cloeeat to that of the lower 1.0G. 166.17(5) ,0064(9) 168.28 ,007.
179.69(3) .0098:9) 179.92 ,00!’

uSR 1 ine ●re charactariatlc of tb 180.84(1) .0100(9) 180.9C ,o1o-

t?ansltion being irradiated by the rf
180,510 160.56(3) .0115( 10) 166.53 011$

MHZ 167,68(J) .0139( 10) 167,68 .013G

field dao ●ppsarlng in the uSR. Ihe 1.0 G.
II I

179.91 4) .0081 10) 179.47 ,OUF:
180.42 1 ,0141 10) 180.51 ,014:

other tw ctxfponents, appearing near the
181,$1 5 ,0061 10) 181.55 ,0061

upper ISR frquency, ●mw the
● W theorctlcslMPI Itudcs tm notwl !ZCC

to 9fvG tlwobwwd to~tI ampl i tud?
charaohrlatioa of the observation of a

within etch group of llnci,

trmaitlon sharing only ● single ●igenatate with the irraditited trmsition. ThQ

seoond set of oets wa obtained Mlth the rf frequency naar the ~per I&R

trmaitlon (180.5 MHz), revwaing the rolm of the tm uSR trmsitions firm that

fomd in the fi~st date set,
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